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X-ray crystal structureThe structural basis of the pH dependency of the dimer–tetramer transition exhibited by Brinda’s
type II Diocleinae lectins was investigated by equilibrium sedimentation and X-ray crystal structure
determination of recombinant wild-type and site-directed single and double mutants of the
pH-stable tetrameric Dioclea grandiﬂora lectin (r-aDGL). Releasing the peripheral site interdimeric
contact between R60 and D78 rendered a mutant displaying dimer–tetramer equilibrium in the
pH range equivalent to pKa ± 1 of the c-COOH. Mutation of both histidines 51 and 131, but not
the mutation of each His separately, abolished the formation of the Diocleinae canonical tetramer
in the pH range 2.5–8.5. The X-ray structure of the double mutant r-aDGL H51G/H131N suggests that
H131 plays a crucial role in networking loop 114–125 residues from all four subunits at the central
cavity of the tetrameric lectin, and that H51 maintains the central cavity loops in a proper spatial
orientation to make H131-mediated interdimer contacts.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ubiquitous in all the kingdoms of life, lectins are proteins of
non-immune origin, that recognize speciﬁc sugar structures
attached to soluble and integral cell membrane glycoconjugates
[12]. Compared to proteins and nucleic acids, carbohydrates are
unbeatable in information-coding potential. Due to their ability
to recognize speciﬁc glycocodes, lectins play pivotal roles in
carbohydrate-mediated biological processes, such as communica-
tion between cells, tumor metastasis, innate immunity, sperm–
egg recognition, infections by parasites, plant protection against
phytopathogens and phytopredators, etc. [11]. Lectins are not only
valuable research tools for the molecular understanding of the
sugar code [13,2] but also attractive molecules for targeting drugs
to speciﬁc destinations [18].Lectins isolated from the seeds of genera Dioclea, Cratylia, and
Canavalia of the Diocleinae subtribe of the Papilionoideae subfamily
of Leguminosae display the back-to-back arrangement of two
dimers built by the side-by-side, antiparallel alignment of the sub-
unit six-stranded back b-sheets [20], ﬁrst reported in the X-ray
structure of Canavalia ensiformis’ seed lectin, concanavalin A [25].
Type II legume lectin tetramers (sensu [6] exhibit pH-dependent
dimer–tetramer equilibrium [17,28,29]. A 25  8 Å2 water-ﬁlled
central cavity formed upon tetramerization has been reported to
bind non-polar molecules, such as plant cytokinins and
b-indoleacetic acid [8,26]. These molecules act as plant growth
hormones and thus Diocleinae lectin dimer–tetramer transition
could serve as a cargo mechanism for these hormones between dif-
ferent parts of the plant. Reported pH values in the xylem–lumen
space of higher plants range from 3.5 to 8.3, depending on plant
species, plant parts, experimental conditions and method used
[33], and the pH values of the two main cellular compartments,
the cytoplasm and the vacuole, are, respectively, slightly alkaline
(7.4–7.5) and markedly acid (4.5–6.0) [16]. However, the precise
distribution of the physiological pH in the different tissues, cells,
subcellular compartments, and ﬂuids of the plant is needed to sup-
port the ‘‘cargo hypothesis’’. Nonetheless, knowledge of the struc-
tural determinants that modulate the quaternary assembly of
Diocleinae lectins would facilitate the long-sought biotechnological
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speciﬁc (natural or engineered) glycan ligand-bearing destinations
(Vasta and Ahmed [31]).
Structural comparisons of the crystal structures of
pH-independent tetrameric lectins (D. grandiﬂora (1DGL, [27],
and Dioclea violacea (2GDF, [14]; 3AX4, [4] lectins) and homolo-
gous lectins that exhibit pH-dependent dimer–tetramer transi-
tions, D. guianensis lectin (DguiaL) (1H9P, 1H9W; [32] and
Cratylia ﬂoribunda lectin (CFL, 2D3R, 2D3P; [15], have revealed that
the dimer–tetramer equilibrium depends on interdimeric contacts
between regions involving homologous residues 53–78 of oppos-
ing monomers (A and D and B and C) at the periphery of the
dimers, and the loops formed by residues 117–123 of each mono-
mer facing the central cavity of the tetramer (Fig. 1). More recently,
the development of a system for the expression of recombinant
DGL (P08902) and DguiaL (A9J248), structurally and functionally
indistinguishable from their natural versions [23], has opened
the door to a more detailed analysis of the interactions that govern
the tetrameric association of Diocleinae lectins. Thus, conversion of
the pH-stable tetrameric r-DGL into a structure exhibiting
pH-dependent dimer–tetramer transition was accomplished
through three simultaneous mutations, E123A/H131N/K132/Q,
that abolished the interdimeric contacts networking the centralFig. 1. Determination by equilibrium sedimentation analytical centrifugation of the
apparent molecular masses of the recombinant lectins as a function of the pH of the
solution. Apparent molecular masses (Mapp) between a pure dimer (D, 51kDa) and a
pure tetramer (T, 102kDa) correspond to Mapp = (%D  51 + %T  102) kDa. The
location of the peripheral (P) and central (C) interdimeric regions are indicated in
the structures of the canonical dimer and tetramer of r-a-DGL [1DGL, 2JDZ]. Vertical
broken lines indicate the pKa3 (3.9) of aspartic acid (b-COOH) and the pKa (6.0) of
the imidazole group of histidine.
Table 1
Forward (F) and reverse (R) primers used for generating the site-directed mutants of the
mutations are in boldface and underlined.
Mutant Template used P
r-a-DGL H131N r-a-DGL wt F
R
r-a-DGL H51G r-a-DGL wt F
R
r-a-DGL R60A r-a-DGL wt F
R
r-a-DGL H51G/R60A r-a-DGL H51G F
R
r-a-DGL H51G/H131N r-a-DGL H131N F
Rcavity loops [23]. Here, we report the distinct structural impact
of single and double mutations affecting residues H51, R60, and
H131, assessed by equilibrium sedimentation and crystallographic
analysis.
2. Materials and methods
2.1. Generation, expression, and puriﬁcation of recombinant lectins
Construction of a synthetic gene encoding the wild-type
full-length a-chain of D. grandiﬂora lectin [P08902] (r-a-DGL)
was performed as described previously [23]. Generation of single
(H51A, H51G, R60A) and double (H51A/R60A, H51G-H131N)
mutants was done using the QuickChange site-directed mutagen-
esis kit (Stratagene) as described [23]. Brieﬂy, pET32a plasmids
containing the template sequences (Table 1) ﬂanked by NcoI and
NotI restriction sites were PCR-ampliﬁed [initial denaturation at
94 C for 2 min, followed by 16 cycles of denaturation (30 s at
94 C), annealing (60 s at 55 C), and extension (13 min at 68 C),
and a ﬁnal extension for 10 min at 68 C] using the forward (F)
and reverse (R) primers listed in Table 1, designed for generating
the site-directed mutants. Ampliﬁed products were sequenced
(using an Applied Biosystems model 377 DNA sequencer) to con-
ﬁrm the correctness of the mutants.
For expression of recombinant wild-type and mutated r-a-DGL,
Escherichia coli BL21(DE3) cells (Novagen) were transformed by
electroporation with the plasmid DNAs. Positive E. coli BL21
(DE3) clones, shown by PCR to contain the wild-type and the
mutated r-a-chain-thioredoxin-His6 fusion constructs, were grown
overnight at 37 C in LB medium containing 100 lg/mL of ampi-
cillin. For inducing the expression of the recombinant fusion pro-
teins, the cell cultures were diluted 1:10 (v/v) with medium,
isopropyl-b-D-thiogalactosidase (IPTG) was added to a ﬁnal con-
centration of 1 mM, and the cell suspensions were incubated for
another 24 h at 14 C. Thereafter, the cells were pelleted by cen-
trifugation, resuspended in the same volume of 20 mM sodium
phosphate, 150 mM NaCl, pH 7.4, washed three times with the
same buffer, and resuspended in 100 mL/L of initial cell culture
of 20 mM sodium phosphate, 250 mM NaCl, 10 mM imidazole,
pH 7.4. The cells were lysed by sonication (15 cycles of 15 s soni-
cation followed by 1 min resting) in an ice bath. The lysates were
centrifuged at 10000g for 30 min at 4 C, and the soluble and
the insoluble fractions were analyzed by SDS–15% polyacrylamide
gel electrophoresis.
The a-chain-thioredoxin-His6 fusion wild-type and mutated
r-DGL proteins were puriﬁed from the soluble fraction of positive
E. coli BL21 (DE3) clones by afﬁnity chromatography using an
ÄKTA Basic chromatographer equipped with a 5-mL HisTrap HP
column (Amersham Biosciences) equilibrated in 20 mM sodium
phosphate, 250 mM NaCl, 10 mM imidazole, pH 7.4. After the
absorbance at 280 nm of the ﬂowthrough fraction reacheda-chains of the seed lectins of Dioclea grandiﬂora (r-a-DGL). Codons producing the
rimers (50–30)
: TCA CTC CAT TTC AGC TTC AAC AAA TTT AGC CAA AAC CCA AAG G
: GG GTT TTG GCT AAA TTT GTT GAA GCT GAA ATG GAG TGA ATT TT
: GGG AAG GTA GGA ACT GTT GGC ATA AGC TAC AAC TCT GTC GC
: GC GAC AGA GTT GTA GCT TAT GCC AAC AGT TCC TAC CTT CCC
: GC TAC AAC TCT GTC GCT AAG GCA CTA AGT GCT GTT GTT TCT TAT TCT GG
: CC AGA ATA AGA AAC AAC AGC ACT TAG TGC CTT AGC GAC AGA GTT GTA GC
: GC TAC AAC TCT GTC GCT AAG GCA CTA AGT GCT GTT GTT TCT TAT TCT GG
: CC AGA ATA AGA AAC AAC AGC ACT TAG TGC CTT AGC GAC AGA GTT GTA GC
: GGG AAG GTA GGA ACT GTT GGC ATA AGC TAC AAC TCT GTC GC
: GC GAC AGA GTT GTA GCT TAT GCC AAC AGT TCC TAC CTT CCC
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1.5 mL/min with a linear gradient of 10–500 mM imidazole for
60 min. The puriﬁed protein fractions (checked by SDS–PAGE)
were pooled, dialyzed against 50 mM Tris/HCl, pH 7.4, and digested
with 0.5 units of enterokinase (Invitrogen) per mg of recombinant
protein. The reaction mixture was freed from enterokinase by
chromatography on a 0.5-mL column of agarose-trypsin inhibitor
(Sigma) equilibrated and eluted with 50 mM Tris–HCl, pH 7.4.
The r-a-chain was separated from thioredoxin-His6 by afﬁnity
chromatography on a Sephadex G-75 column (2.0  7.0 cm) equili-
brated in 50 mM Tris–HCl, pH 7.4 containing 150 mM NaCl, 1 mM
CaCl2 and 1 mM MnCl2. After exhaustive washing with equilibra-
tion buffer, the bound material (carbohydrate-binding r-a-chain)
was eluted with equilibration buffer containing 200 mM
D-glucose, dialyzed for 30 min against 0.1 M acetic acid, overnight
against Milli-Q water, and lyophilized. The purity of the isolated
proteins was assessed by SDS–PAGE.
2.2. Analytical ultracentrifugation
The apparent molecular masses of the recombinant lectins in
solutions of different pH were determined at the Analytical ultra-
centrifugation Facility (CIB-CSIC, Madrid, Spain) by equilibrium
sedimentation at 20 C using a Beckman XL-A centrifuge with UV
absorption scanner optics using an AN-50 Ti 8-hole rotor and char-
coal ﬁlled eppon 6-channel centrepieces. This setup allows the
simultaneous analysis of 21 different samples. The lectins were
dissolved at 0.6–1.0 mg/mL in the following buffers containing
1 mM CaCl2, 1 mM MgCl2 and 0.1 M NaCl: 20 mM Tris–HCl (for
pH 7.5 and 8.5), 20 mM sodium citrate (for pHs 2.5, 3.5, and 4.5),
and 20 mM MES (pH 5.5 or 6.5). Molar masses were determined
by sedimentation-diffusion equilibrium experiments using short
(approx. 3 mm) sedimentation columns. To avoid differences in
apparent molecular masses due to rotor speed-dependent weight-
ing of apparent molecular masses, all experiments were carried out
at the same speed (15.000 rpm). Sedimentation equilibrium was
assumed to be attained when the measured concentration proﬁle
remained unchanged for at least 12 h. The equilibrium concentra-
tion gradient for a single species is described by equation:
ln cðrÞ  ln cðmÞ ¼ ½Mð1 vqÞ=2RTx2  ðr2 m2Þ
where c(r) and c(m) are the concentrations at radius r and at the
meniscus (radius m), respectively; M is the molar mass of the
solute; v , partial speciﬁc volume of the solute (assumed to be
7.35  10 m3 kg); x, angular speed of the rotor (radians  s1),
and R and T, are the gas constant (8.314 J mol1 K1) and the
temperature (in K), respectively. Apparent molar masses were
determined by ﬁtting this function to the measured radial
distribution of the concentration gradient at equilibrium using the
program EQASSOC [22] provided by the manufacturer. Blank buffer
absorption was determined after overspeeding (50000 rpm) to
sediment all material to the bottom of the cell.
2.3. Crystallization, data collection and model building
Crystals of r-aDGL H51G/H131N were grown at 22 C by vapour
diffusion in hanging drops composed of equal volumes of protein
solution [10–15 mg/mL in 10 mM HEPES pH 7.5, containing
2 mM Cl2Ca, 2 mM Cl2Mn, and 3 mM X-Man (from a 12 mM stock
solution of 5-bromo-4-chloro-3-indolyl-a-D-mannose in DMSO),
and of the reservoir solution (100 mMHEPES pH 8.0, 14% polyethy-
lene glycol 400 used as the precipitant. Crystals were ﬂash
cryocooled in liquid nitrogen using Paratone (Hampton
Research) as cryoprotectant, and diffracted at 100 K using theXALOC beamline at ALBA synchrotron (Barcelona, Spain). Data
were processed with IMOSFLM [3], and scaled with SCALA [10].
Severe anisotropy effects on the structure reﬁnement could be lim-
ited after ellipsoidal truncation, provided by the Diffraction
Anisotropy Server [30], and anisotropic reﬁnement. The ﬁle
obtained from the server with the recommended resolution
yielded better maps than any untrimmed combination and was
therefore used for subsequent reﬁnement steps. Phases were
determined by molecular replacement with PHASER [21], using
the structure of the wild-type lectin (1DGL) as model. The solution,
consisting of one monomeric subunit in the asymmetric unit, was
initially reﬁned with rigid body. Cycles of restrained reﬁnement
were performed with PHENIX REFINE [1], combined with manual
model building in COOT [9]. A ﬁnal TLS (translation/libra-
tion/screw) reﬁnement cycle using automatic group assignment
[24] was also performed. Structure validation was performed with
PHENIX validation tools. The atomic co-ordinates of r-aDGL
H51G/H131N are accessible from the PDB. Database ID: 4Z8B.
3. Results and discussion
3.1. Effects of single and double mutations on the quaternary structure
of D. grandiﬂora lectin assessed by analytical ultracentrifugation
Sedimentation equilibrium analytical ultracentrifugation was
used for measuring the effect of single and double mutations on
the distribution of molecular masses of the recombinant
wild-type and mutant DGL species in solution of pH in the range
2.5–8.5. The single mutation H131N, that abolished the inter-
dimeric interactions at the central cavity between H131 and I120
in an opposite monomer [32], transformed the pH-stable tetra-
meric wild-type r-aDGL into a structure exhibiting limited
dimer–tetramer transition (in the range of pH 3.5–4.5) (Fig. 1).
The pH-dependence of this transition correlates with the weaken-
ing of the R60  D78 interaction due to the protonation of both the
c-COOH of the aspartic acid (nominal pKa = 3.9) and the guani-
dinium side chain of the arginine (pKa = 12.5). Lending support
to this assumption, D. guianensis lectin (1H9P), a Diocleinae lectin
that possesses N at position 131, and whose tetrameric structure
is not stabilized by R60  D78 interdimeric contacts (Fig. 2), exhi-
bits pH-dependent dimer–tetramer association equilibrium over
the pH range 3.5–6.5. To experimentally check the hypothesis that
releasing the interdimeric hydrogen bonding contacts between
R60 and D78 of an opposed monomer at the peripheral site may
represent the key to generating an r-aDGL mutant displaying
dimer–tetramer equilibrium in a wider pH range than the
pKa ± 1 of the c-COOH, R60 was mutated to alanine. The R60A
mutation rendered a lectin species displaying dimer–tetramer
equilibrium over a more extended pH range (Fig. 1); at pH 6 5.5
r-aDGL R60A behaved essentially as a dimer, which gradually asso-
ciate into tetramers over the pH range 5.5–8.5. In an acid environ-
ment the imidazole ring (pKa = 6.0) is protonated, whereas when
the pH increases, at nearly 8 the protonation of the imidazole ring
is lost. Thus, the ﬁnding that abrogating R60 contacts leads to
increasing dissociation of the r-aDGL R60A tetramer as the pH
decreases from 8.5 to the pKa of histidine (6.0), indicated that, in
this mutant, the dimer–tetramer transition was mostly governed
by the degree of protonation of a histidine residue.
In addition to the ‘‘central’’ loop contacts mediated by H131,
other interdimer interactions are established between H51 of
monomers A and B and residues at positions 116 and 117 of mono-
mers D and C, respectively, and between homologous regions
encompassing residues 53–78 of monomers A and D and B and C
at the periphery of the dimers. Position 131 is occupied by an
Fig. 2. Ribbon representation of r-a-DGL (1DGL) (pink) and r-a-DGL H51G/H131N (4Z8B) (blue). Panel a, superposition of the symmetry-generated tetramer of both
molecules. Left close-up views highlight interdimeric interactions in 1DGL orchestrated by histidine residues H51 and H131 (central cavity) and the absence of these
interdimeric contacts in the DGL H51G/H131N double mutant. The close-up views at the right show the peripheral site interdimeric contacts mediated by R60 and D78 from
opposite monomers. Panel b, Comparison of side-chain rearrangements for neighboring monomers within 4Z8B crystallographic symmetry-generated tetramer (depicted in
blue) compared to the 1DGL tetrameric structure (rendered in pink).
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transition, whereas those lectins that behave as pH-independent
tetrameric proteins contain histidine (H). On the other hand, H51
is absolutely conserved among Diocleinae lectins. (BLAST analysis;
[7]. The interactions of H51 play a role in maintaining the confor-
mation of the central cavity loop [15]. Single mutant r-aDGL H51G
was indistinguishable from the r-aDGL H151N lectin in terms of
the pH-dependence dimer–tetramer transition (Fig. 1), suggesting
that these two histidine residues may individually play equivalent
roles in the maintenance of the tetrameric structure of DGL.
Results from single r-aDGL mutants clearly pointed to distinct
roles for residues participating directly (H131) or indirectly (H51)
in interdimeric contacts within the central cavity and the periph-
eral interacting region (R60) in the formation and pH dependence
of the canonical type II legume lectin tetramer. Double mutants
r-aDGL H51G/R60A and r-aDGL H51G/H131N were then gener-
ated to investigate possible cooperative effects. The results from
analytical ultracentrifugation displayed in Fig. 1 clearly showed
that the structural consequence of both double mutations was
essentially the same: preventing the mutated dimeric lectins from
associating into dimer-of-dimer structures. The effect of the con-
certed H51G/R60A mutations may indicate that the simultaneous
impairment of contacts at the central cavity and the peripheral
interdimeric regions generated dimers unable to form stable tetra-
mers throughout the pH range studied and at the protein concen-
tration used in the analytical ultracentrifugation experiments. In
addition, the effect of the double H51/H131 mutation indicated
that peripheral site interactions established by R60 are, by them-
selves, insufﬁcient to maintain the structural integrity of DGL’sdimer of dimer association. The structural ground underlying the
structural effects of the double histidine mutation was investigated
by X-ray crystallographic analysis of r-aDGL H51G/H131N.
3.2. Crystal structure of r-aDGL H51G/H131N
The crystal structure of r-aDGL H51G/H131N was solved at
1.95 Å resolution (Table 2). The crystal was composed by one pro-
tein molecule in the asymmetric unit that forms a tetramer by
crystal symmetry operators. Despite crystallized r-aDGL
H51G/H131N maintained the same overall oligomeric arrange-
ment observed in the wild type, differences between the two tetra-
mers were apparent (Fig. 2). Thus, when monomers A of both
structures were superposed, there was a slight rotation of mono-
mer B within the wild type r-aDGL dimer, also affecting the overall
tetramer oligomer (Fig. 2a and b, upper panels). The mutations did
not altered the architecture of the primary monosaccharide recog-
nition site or the interactions established between the protein and
the Ca2+ and Mn2+ ions. Furthermore, the double mutation
H51G/H131N did not affect the peripheral site interactions
(Fig. 2b, lower panel), supporting our interpretation that the
dimer–tetramer association is mostly governed by the degree of
protonation of a histidine residue. However, both mutations
caused a rearrangement of the side chains in the central b-sheet
of the dimer interface with respect the wild type structure
(Fig. 2b). Moreover, the double histidine mutation abolished criti-
cal 114–124 loop stabilizing interactions. As a result, in the mutant
structure residues 117 to 122 are not visible in the electron density
map (Fig. 2a).
Table 2
Data collection and reﬁnement statistics for r-aDGL H51G/H131N. Statistics for the
highest-resolution shell are shown in parentheses.
Wavelength (Å) 0.9795
Resolution range (Å) 45.67–1.95 (2.02–1.95)
Space group I 2 2 2
Unit cell 62.35 67.08 108.62 90 90 90
Total reﬂections 223419 (23274)
Unique reﬂections 12687 (1679)
Multiplicity 13.2 (13.9)
Completeness (%)a 74.76 (33.1)
Mean I/sigma (I) 16.04 (5.99)
Wilson B-factor 25.71
Rmerge 0.09003 (0.4526)
Rmeas
b 0.09405
Rwork
c 0.2014 (0.2267)
Rfree
d 0.2433 (0.1404)
Number of non-hydrogen atoms 1893
Macromolecules 1782
Ligands 41
Water 70
Protein residues 231
RMSDe (bonds) 0.003
RMSDe (angles) 0.77
Ramachandran favored (%) 94
Ramachandran outliers (%) 0
Clashscore 1.12
Average B-factor 42.60
Macromolecules 42.10
Ligands 69.30
Solvent 40.70
a Completeness is 50.4% at 2.05 Å resolution.
b Rmeas = {Rhkl [N/(N  1)]1/2 Ri |Ii(hkl)  <I(hkl)>|}/Rhkl Ri Ii(hkl), where Ii(hkl)
are the observed intensities, <I(hkl)> are the average intensities and N is the mul-
tiplicity of reﬂection hkl.
c Rwork = Rhkl {[Fobs(hkl)]  [Fcalc(hkl)]}/Rhkl [Fobs(hkl)], where Fobs(hkl) and
Fcalc(hkl) are the structure factors observed and calculated, respectively.
d Rfree corresponds to Rfactor calculated using 5% of the total reﬂections selected
randomly and excluded during reﬁnement.
e RMSD is the root mean square deviation.
Fig. 3. Surface representation of the 1DGL dimer indicating the aminoacids
involved in the tetrameric ensemble. Residues involved in interactions common
for both wild-type and double mutant crystal structures (1DGL and 4Z8B,
respectively) are shown in purple. Interacting residues on 1DGL non-participating
in the double mutant symmetry-generated tetramer are depicted in pink. The
minor blue surface indicates new contacts established in the 4Z8B crystallographic
tetramer not present in the 1DGL structure.
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in-solution tetrameric structure (1DGL) and the crystallographic
symmetry-generated r-aDGL H51G/H131N tetramer (4Z8B)
revealed a decreased number of interactions in the central area
of the double His mutant lectin (Fig. 3). Furthermore, analysis of
the protein assembly stability with PISA (http://www.ebi.ac.uk/
msd-srv/prot_int/pistart.html) [19], suggested a greatly reduced
complexation signiﬁcance score (CSS) for crystalline r-aDGL
H51G/H131N double mutant (0.011) compared to the wild-type
r-aDGL tetramer (1DGL) (0.336). The calculated DGdiss for these
structures were 19.3 and 1.2 kcal/mol, respectively, and the cal-
culated interdimer surface buried in r-aDGL and r-aDGL
H51G/H131N crystallographic tetramers was also signiﬁcantly dif-
ferent: 13660 Å2 and 10360 Å2, respectively. In agreement with
Bouckaert et al. [5], who reported that in crystals grown at pH 5,
where the lectin is a dimer in solution, ConA dimers associated into
a tetramer-like structure that resembled the native tetrameric
assembly of ConA, but with a drastically smaller number of inter-
dimeric interactions, Table 3 clearly shows that compared to
r-aDGL, the double His mutant exhibits drastically reduced buried
surface and number of residues involved in tetrameric assembling
contacts. As a whole, the analytical centrifugation, crystallographic,
and computational data consistently support the view that
although the ‘weakened’ tetrameric assembly generated in the
r-aDGL H51G/H131N crystal may represent the most favorable
association generated in the crystallization process, r-aDGL
H51G/H131N might be considered a stable dimeric structure both
in the crystal lattice and in solution in the pH range 2.5–8.5.4. Concluding remarks
More than three decades ago, Huet and Claverie [17] studied the
kinetics of the reversible dimer–tetramer equilibrium of Con A, and
Senear and Teller [28] reported the effects of temperature and pH
by analytical centrifugation, concluding that the self-association of
the lectin could be better described as a dimer to tetramer transi-
tion across the pH range 5.5–7.5. From the ionization thermody-
namic parameters, the authors concluded that tetramerization
was entropically driven and that ‘‘the ionization state of a histidine
side chain on each subunit, either His51 or His121, governed the
dimer–tetramer equilibrium of the lectin’’ [28]. Continuing our
research on the structural basis of the pH-dependent dimer–te-
tramer transition of Diocleinae lectins [32,15,23], we have now
conducted equilibrium sedimentation studies on single and double
histidine mutants and solved the crystal structure of recombinant
DGL H51G/H131N mutant. The data shown here conﬁrm the
importance of histidine residues 51 and 131 in the
pH-dependence dimer–tetramer transition. The ﬁnding that only
mutation of both histidines, but not the mutation of each His sep-
arately, abolished the formation of the Diocleinae canonical dimer
of dimer association lends support to a structural model in which
H131 plays a crucial role in networking loop 114–125 residues
from all four subunits at the central cavity of the tetramer, whereas
H51 contributes to stabilizing the canonical tetrameric structure
by maintaining the central cavity loops in a proper spatial
Table 3
Buried surface (Å2) for residues involved in tetrameric assembling contacts.
4Z8B 1DGL
THR49 5.52 36.98
GLY51 3.68
HIS51 78.91
SER53 25.9 27.32
ASN55 32.72 37.25
VAL57 89.57 84.69
ALA58 55.93 59.79
LYS59 4.6 0.92
ARG60 50.45 84.15
SER62 33.97 37.52
ALA63 2.94 0.76
VAL64 50.51 40.16
SER66 23.91 29.58
TYR67 7.67
SER68 25.21
GLY69 1.89
SER70 2.33
SER72 17.32 8.94
THR74 28.08 19.34
VAL75 0.14
SER76 12.61 9.56
ASP78 3.93 10.55
SER108 15.16
TRP109 0.65
SER110 26.61
LYS114 11.7
LYS116 32.43 37.21
THR117 9.73
ASN118 88.8
SER119 32.97
ILE120 129.33
ALA121 2.68
HIS127 1.09
SER129 2.7
PHE130 1.23
HIS131 32.12
ALA186 0.25
VAL187 79.17 57.05
VAL188 11.21 24.77
ASP192 1.23 25.29
THR194 24.06 31.22
THR196 9.34
S. Zamora-Caballero et al. / FEBS Letters 589 (2015) 2290–2296 2295orientation to make H131-mediated interdimer contacts. Our
results also indicate that interactions at the peripheral interdimeric
contact sites, orchestrated by residues N55, R60, and D78 from
opposite monomers, may play only a secondary role in conferring
pH dependency to the canonical cross-wise Brinda’s type-II legume
lectin tetramer.
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